been polymerized to form plastic materials such as ESO-co-styrene/divinylbenzene resins [13] [14] [15] [16] [17] [18] , ESO thermosetting allyl resins [19] , a sheet molding compound resin [20] , and a hydrogel [21] , or even polymer composites such as an organo clay nanocomposite [22] , and fiber-reinforced composites [23] [24] [25] . According to Hazer and coworkers [26] [27] [28] [29] [30] [31] [32] [33] , vegetable oils were autooxidized by exposure to sunlight or daylight in air for a given time to produce epoxides, peroxides, peroxides, and hydroperoxides in the molecular chains and were also graft copolymerized by free radical polymerization with other materials such as methyl methacrylate and styrene. Recently, the vegetable oil-based polymers have been prepared by cationic, olefin metathesis and condensation polymerization reactions, including the use of 'click' chemistry and carbon dioxide [5, [34] [35] [36] [37] . Acrylation of epoxidized vegetable oils is one of the interesting techniques for preparing the vegetable oil-based polymers. The mechanical and thermal properties of acrylated epoxidized soybean oil (AESO) have been reported [3, 5, 8, 20, 23, 38, 39] . It has been established that AESO shows higher mechanical properties than ESO [22, 39] . AESO has been used for copolymerization with other materials such as a vinyl ester resin containing styrene [8] [9] [10] and with poly(methyl methacrylate) [38] [39] [40] . It was found that the mechanical properties of an AESO-co-PMMA copolymer were higher than those of AESO. Furthermore, the AESO-co-PMMA copolymer is an interesting polymer owing to the high weathering resistance of PMMA. Although ESO-and AESO-based polymers seem to be environmentally friendly materials, the epoxidation process should be improved by using more green chemistry. This is because on an industrial scale, ESO is produced by an in situ epoxidation in the presence of a strong acid as a catalyst such as H 2 SO 4 and H 3 PO 4 . The drawbacks of this method are the corrosion of equipment due to the acidic solution and the product must be neutralized and purified. Moreover, these acids can initiate oxirane ring-opening reactions with water, and lead to the formation of hydroxyl group on the fatty acid backbone and other by-products [41] . To eliminate these problems, enzymes have also been used in the epoxidation process [41] . The enzymes involved in the chemo-enzymatic epoxidation were a peroxygenase and a lipase. Blee and Schuber [42, 43] used the peroxygenase enzyme for epoxidation of monoand polyunsaturated fatty acids. Piazza and coworkers [44] [45] [46] developed a method for the rapid isolation and immobilization of peroxygenases on membranes, and conducted epoxidation reactions in organic solvents. Lipase B from candida antartica (CALB) is one of the enzymes used most frequently as a biocatalyst. Lipase enzymes have been shown to produce peroxy acids from hydrogen peroxide and fatty acids by a perhydrolysis reaction. Most of the developments of the lipase-catalyzed chemoenzymatic epoxidation in plant oils or fatty acids have been studied using a commercial enzyme lipase (Novozyme ® 435) [41, [47] [48] [49] [50] [51] [52] [53] [54] . By using enzymes, the addition of free acids was not required in order to obtain a high conversion, i.e. > 80%, and the neutral pH of the reaction mixture was maintained [52] . While ESO has been synthesized by the chemo-enzymatic epoxidation, to the best of our knowledge the conversion of this ESO into AESO has not been reported. The objectives of the present study were to investigate the effect of the different epoxidation methods on ESO and the effect of the degree of epoxidation (or number of epoxide groups/molecule) in ESO on the characteristics of the ESO, AESO and AESOco-PMMA copolymer. ESO was synthesized by chemical and chemo-enzymatic epoxidation methods. Peroxy acid produced from formic acid and hydrogen peroxide was used in the chemical epoxidation process. Hydrogen peroxide and lipase were used in the chemo-enzymatic epoxidation. Novozyme ® 435 and a lipase from Candida parapsilosis (CpLIP2) were also employed. CpLIP2 has been shown to catalyze the alcoholysis of various esters in the presence of a large molar excess of water in a biphasic aqueous/lipid reactant medium with hydrolysis of the esters and was also found to be effective for the production of fatty hydroxamic acids in an aqueous medium by an aminolysis of fatty acids [55] . There has been no previous report of the chemo-enzymatic epoxidation of ESO catalyzed by CpLIP2. It has a bead size of 0.3-0.9 mm and its activity is approximately 7,000 PLU/g. An enzyme lipase/acyltransferase CpLIP2 (Candida parapsilosis) was produced in our laboratory. Anhydrous sodium sulfate, sulfuric acid, acrylic acid, methyl methacrylate (MMA) and benzoyl peroxide were from SigmaAldrich (St. Louis, MO, USA). Hydrogen peroxide, hydroquinone and glacial formic acid were from Merck (Darmstadt, Germany). All chemicals were used as received.
Experimental

Synthesis of epoxidized soybean oil (ESO) 2.2.1. Chemical epoxidation catalyzed by
sulfuric acid A solution of soybean oil (100 g) and glacial formic acid (13.97 g) was heated at a 45-55°C. Sulfuric acid (0.5 mL) was added into the solution. Then, 116.98 g of 30 wt% H 2 O 2 solution was added slowly from a dropping funnel and reacted at 45, 50 and 55°C for 1-7 h. The molar ratio of soybean oil: formic acid: hydrogen peroxide was 1:2.64:8.9. The crude product was filtered and washed with distilled water repeatedly until a pH of 7.0 was obtained. The oil phase was dried with anhydrous sodium sulfate then filtered. Finally, the residue (water) was removed using an evaporator at 45-50°C under pressure. The number of epoxide groups per molecule of ESO was calculated from the 1 H-NMR spectrum by using the peak at ! = 4.0-4.4 ppm for the glycerol backbone and the peak at 0.9 ppm for the methyl group as an internal standard, and using the peak intensity ratio between the peak at 2.8-3.2 and 4.0-4.4 ppm [56] . This number was used to represent the sample code of the ESO. The degree of epoxidation (DOE) or percentage of conversion from double bonds to epoxide groups was determined from Equation (1) and the number of starting double bonds of the soybean oil used in the present study was 4.60:
We assumed that DOE (Degree of epoxidation) of Vikoflex ® 7170 should be very high, i.e. ! 100%. However, there was no data on the starting soybean oil; therefore, it was not possible to determine its DOE in the present study. ESOs containing 50 and 75% DOE were prepared, and Vikoflex ® 7170 was a representative of 100% DOE.
Chemo-enzymatic epoxidation catalyzed
by enzymes About 18 g of soybean oil, 1.5 g of CALB (! 8 wt% of soybean oil), and 9.24 g of 35 wt% hydrogen peroxide solution were mixed together and heated at 55°C in an incubator shaker. The mixture was then cooled and the enzyme was removed by filtration. The final product was purified in a similar way to the chemical epoxidation method. About 0.5 g of soybean oil was mixed with 1.44 mL of 5 wt% hydrogen peroxide solution in a pH buffer of 5.35 at 30°C. The CpLIP2 content was 30, 90 and 300 U/mL. The mixture was stirred at 300 rpm with a magnetic stirrer. The enzyme was removed and final product was purified. The number of epoxide groups per molecule of the derived ESOs was calculated from the 1 H-NMR spectrum [56] and the DOE was evaluated as described above. In order to compare the different epoxidation methods between the chemical epoxidation and the chemo-enyzmatic method, obtaining a similar DOE was our concern. As a result, 50 and 75% DOE were used.
Synthesis of acrylated epoxidized soybean
oil (AESO) AESO was prepared from a reaction between ESO and acrylic acid in a similar way to previous reports [39, 40] . About 50 g of ESO were placed in a 250 mL round-bottom flask equipped with a magnetic stirrer and a reflux condenser. Hydroquinone was used as a free radical inhibitor. The molar ratio of ESO: acrylic acid was 1:10. The reaction temperature and time was 110°C and 7 h, respectively. The mixture was cooled to room temperature and diluted with toluene before purifying by washing with distilled water. The final step was dehydration with anhydrous sodium sulfate and the solvent was evaporated using an evaporator. The number of acrylate groups/molecule of the resulting product was determined from the 1H-NMR spectrum [56] . The number of acrylate groups/molecule and epoxide groups/ molecules were assigned in the sample designation of AESO. form infrared (FTIR) spectra of the copolymer sheets were recorded by a Bruker ® EQUINOX 55 spectrometer (Bruker, Rheinstetten, Germany) from 400 to 4000 cm -1 . The acid value of oil corresponded to its free fatty acid content and can be expressed as the weight% of the most abundant fatty acid of the oil. The titrimetric method was based on the French standard NF T60-204 (December 1985). About 2.0 g of ESO and 40 mL of diethyl ether/ethanol (1:1 v/v) were added followed by adding 3 drops of 20 g/L ethanolic phenolphtalein solution with continuous agitation. This sample solution was titrated with a 0.1 N ethanolic potassium hydroxide solution until the pink color remained stable for at least 10 seconds. The acid value, in weight%, was calculated based on Equation (2): (2) where V was the mL of potassium hydroxide solution used for the sample titration, V 0 was the mL of potassium hydroxide solution used for the blank, N was the titer of the potassium hydroxide solution, M was the molar mass [g/mol] of the most abundant fatty acid in the sample and W was the sample weight [g] . The qualitative analysis of the ESO samples was performed by High-Performance Thin Layer Chromatography (HPTLC) on pre-coated silica gel 60 plates (200 "m thickness, 4-8 "m particle size) from Merck (Darmstadt, Germany). Samples and standards were diluted in a chloroform-methanol mixture (2:1, v/v) at a concentration of 1 mg/mL, except for the standard mixture of monoolein, diolein and triolein (0.33 mg/mL each). The sample and standard solutions were deposited on HTPLC plates in a band-shape of 10 mm width, using an automatic TLC sampler ATS4 by CAMAG ® (Muttenz, Switzerland). The deposited volumes were the following: soybean oil 2 "L, ESO 4.2 "L, oleic acid (OA) 1 "L, linoleic acid (LA) 1 "L, cis-9,10-epoxystearic acid (ESA) 2 "L, cis-9,10-12,13-diepoxystearic acid (DESA) 1.3 "L. The development (65 mm migration distance) was performed vertically in an automatic developing chamber ADC2 by CAMAG, with hexane/diethyl ether/acetic acid (70:30:1; v/v/v) as the mobile phase. The plates were visualized after dipping the plate in a solution of phosphoric acid 85%/saturated aqueous copper sulphate solution/water/methanol (8:10:78:5, v/v/v/v) and heating for 10 minutes at 180ºC. The retention factors (Rf) of standard compounds were used for identification of the reaction products. The retention factor (Rf) was defined using Equation (3): (3) where A was the distance from the deposition line to the center of a spot and B was the distance from the starting point (deposition line) to the solvent front. The more closely the retention factor was close to 1, the more non-polar was the compound. Conversely, the more the retention factor was close to 0, the more polar was the compound.
Characterization of ESO and AESO
Preparation of the AESO-co-PMMA
copolymer A mixture of 50 wt% of MMA and 50 wt% of AESO was well mixed before adding 1 wt% of benzoyl peroxide. The mixture was heated at 70°C for 15 min in a closed container before casting into a glass mold. Then, the mixture was cured at 90°C for 15 min in a thermal oven and at 90°C for 15 min in a vacuum oven sequentially.
Characterization of the AESO-co-PMMA
copolymer Dynamic mechanical thermal analysis (DMTA) was performed using a Rheometric Scientific® DMTA V (Piscataway, NJ, USA) at a frequency of 1 Hz from -80 to 180°C. The heating rate was 2°C/min in the tension mode had a strain control of 0.01%. The storage modulus (E#), the loss modulus (E$) and the loss tangent (tan !) as a function of temperature were recorded. Differential scanning calorimetry (DSC) was carried out on a differential scanning calorimeter (Perkin Elmer ® DSC7, Waltham, MA, USA) with a heating rate of 10°C/min from -50 to 100°C in a nitrogen atmosphere. Thermogravimetric analysis (TGA) was performed on a thermogravimetric analyzer (Perkin Elmer ® TGA7, Waltham, MA, USA) with a heating rate of 10°C/min in a nitrogen atmosphere from 25 to 1000°C. The temperatures at 5, 10 and 50% of weight loss were determined. A swelling test was carried out with common solvents for surface coating such as ethanol and water. The copolymer sheets with a sample size of 1 % 2 % 0.2 cm were swollen to an equilibrium state -a Saithai et al. -eXPRESS Polymer Letters Vol.7, No.11 (2013) [910] [911] [912] [913] [914] [915] [916] [917] [918] [919] [920] [921] [922] [923] [924] constant weight. The degree of swelling was calculated based on Equation (4): (4) where W 0 was the weight of the dried sample before the swelling test and W 1 was the weight of the swollen sample. The gel content in the copolymer sheet was determined by the insoluble fraction left after treating with tetrahydrofuran (THF) that was a good solvent for AESO and PMMA. The copolymer sheets with the sample size of 1 % 2 % 0.2 cm were immersed in THF at room temperature for 4 days. The insoluble part was removed from the solvent and dried at 60°C until the weight was constant (W 2 ), after approximately 24 h. The gel content was calculated based on Equation (5) [57, 58] : (5) 3. Results and discussion 3.
Epoxidation of soybean oil
In order to investigate the effect of DOE on the AESO-co-PMMA copolymers, three DOE values were used: 100, 75 and 50%. It was expected that Vikoflex ® 7170 has a very high DOE (! 100%) because the C=C protons were not observed in its 1 H-NMR spectrum. ESO's containing 75 and 50% DOE were synthesized by chemical and chemoenzymatic epoxidations. Owing to the chemical epoxidation, the reaction at 50°C for 3 h provided a 76% DOE and the reaction at 45°C for 1 h provided a 52% DOE. Their number of epoxide groups per molecule was 3.50 and 2.40, respectively. The structure of the epoxidized triglyceride was confirmed by 1 H-NMR, 13 C-NMR, 2D-NMR and FTIR (not shown here).
The chemo-enzymatic epoxidation process catalyzed by the enzyme was studied in terms of the enzyme content and reaction time. Using 8 wt% of CALB for 13.5 h produced an ESO with 72% DOE (3.30 epoxide groups/molecule). A lower DOE was obtained using milder conditions (5 wt% of CALB for 9 h). The resulting ESO contained 52% DOE and 2.40 epoxide groups/molecule. The present study was a first attempt to use CpLIP2 for the preparation of ESO. Based on a preliminary study in the CpLIP2 system, the DOE increased with reaction time. By using 30 U/mL of CpLIP2 for 24 h, the maximum DOE was 60%. An increase in the CpLIP2 content and reaction time, i.e., 90 U/mL at 24 h, the DOE was 75-78%. A higher content of CpLIP2, i.e. 300 U/mL, did not significantly increase the DOE. Therefore, 90 U/mL of CpLIP2 was employed, and 49 and 78% DOE were obtained when the reaction time was 4 and 24 h, respectively.
Characteristics of ESO
The number of epoxide groups/molecule was calculated using the peak at ! = 4.0-4.4 ppm for the glycerol backbone and the peak at 0.9 ppm for the methyl group as an internal standard and using the intensity ratio between the peak at 2.8-3.2 and 4.0-4.4 ppm [56] . This number is listed in Table 1 , and it was used to represent the sample code of the ESO. The acid value of all ESO products is listed in Table 1 . This value depended on the epoxidation system. ESOs derived from the chemical epoxidation process (ESO4.60, ESO3.50, and ESO2.40) had a very low acid value (< 0.6%). The CALBbased ESOs (ESO3.30-enz1 and ESO2.40-enz1) showed a higher acid value (3-4%), and the CpLIP2-based ESOs (ESO3.58-enz2 and ESO2.25-enz2) showed the highest value (46-48%). A high acid value indicated a high free fatty acid content. It was believed that these free fatty acids were epoxidized because the DOE or the number of epoxide groups/molecule of the enzyme-based ESO was as high as that of the chemical-based ESO. It was believed that CpLIP2 induced hydrolysis as well as epoxidation to provide the structure of an epoxidized mono-, di-and tri-glycerides including epoxidized free fatty acids as shown in Figure 1 . These structures were substantiated by thin layer chromatography (TLC) and NMR/FTIR spectroscopy. A thin layer chromatogram of the 14 samples listed in Table 2 is illustrated in Figure 2 . Table 3 details the retention factor (Rf) of some epoxidized and non-epoxidized standard molecules separated by chromatography on HPTLC silica gel 60 plates. As depicted in Figure 2 , the starting soybean oil Table 2 polarity of the latter. As a result, the greater the number of epoxide groups, the more polar the TAGs. The commercial ESO, ESO4.60, (Track 2) contained neither fully unsaturated TAGs/free fatty acids (0.63'<'Rf <'0.68) nor partially epoxidized TAGs (0.80'<'Rf <'0.87). Moreover, its very low acid value (0.12%) meant that it was mainly composed of fully epoxidized TAGs and was probably fully or partially epoxidized di-and monoacyglycerols, and this was confirmed by the absence of DESA (Rf = 0.24) and only traces of ESA (Rf = 0.43) as shown in Table 3 . Samples of the chemically prepared ESO (Track 3 and 4) having a DOE of 76 and 52% respectively, exhibited a very similar profile to that of Vikoflex ® 7170 (ESO4.60). The main differences essentially concerned compounds with Rf values >'0.35, that corresponded to partially epoxizided species and that again was consistent with the epoxidation content of these samples. Profiles of the samples chemo-enzymatically epoxidized with CALB (Novozyme ® 435) in track 5 and 6 were similar to the chemically prepared ESO. However, they contained significant amounts of fully unsaturated TAGs, thus revealing the incomplete conversion of soybean oil, but also there were partially epoxidized TAGs and fatty acids (no band exactly matched the fatty acid standards). It is worth mentioning that, despite the high water activity of the reaction medium, the hydrolysis of substrate and products remained limited as was shown by the moderate acid values of both samples (3.2-3.6%). Finally, the composition of samples from the chemoenzymatic epoxidation with CpLIP2 was radically different from all the others. Soybean oil was completely converted into unsaturated fatty acids (0.65 <'Rf <'0.68), mono-and di-epoxidized fatty acids (ESA, Rf = 0.43; DESA, Rf = 0.24) and most likely mono-and diacylglycerols (Rf = 0.05 and Rf = 0.42 respectively). These results agreed well with the high acid values of the two samples that ranged from 46 to 48%. Thus, it can be assumed that in the CpLIP2 mediated epoxidation, hydrolysis reactions (substrates and peracids) were faster than the epoxidation itself. To verify the ESO structure, 1 H-NMR and 13 C-NMR spectroscopy were used. Figure 3 shows the 1 H-NMR spectra of soybean oil, commercialized ESO and synthesized ESO, and their chemical shift (!) assignment are listed in Table 4 . The presence of an epoxide ring in all the ESO was confirmed with a ! at 2.8-3.2 ppm, epoxy proton (position 4 in the chemical structure). The glyceride backbone in the soybean oil was assigned to the ! at 4.0-4.4 and 5.1, and the ! at 5.2-5.6 ppm (methylene proton) represented the unsaturation or carbon-carbon double bond (C=C) of soybean oil (position 1 in the chemical structure). It was observable that there was no C=C in the commercialized ESO (ESO4.60) whereas the C=C bands continued to appear in the synthe- H-NMR spectra. In contrast, epoxidation with CpLIP2 led to a different chemical structure as shown in Figure 3c . The disappearance of the glyceride protons at 4.2 ppm and the appearance of a methylene attached to a hydroxyl group at 3.7 ppm (position 9) in the diglyceride of ESO catalyzed by CpLIP2 were noticed. The inserted figure showed a small signal at 10 ppm that was assigned to a carboxylic acid (COOH) proton. These results substantiated the assumption that the hydrolysis of triglyceride by CpLIP2 produced the monoor di-glyceride that generated the epoxidized free fatty acid in the CpLIP2-based ESO. The 13 C-NMR and 2D-NMR results (not shown here) agreed with the results described above. Both the TLC and NMR results indicated that the chemical-based ESO and the CALB-based ESO had epoxidized triglycerides while the CpLIP2-based ESO contained a mixture of epoxidized monoglycerides, epoxidized diglycerides, epoxidized triglycerides, and epoxidized free fatty acids. Figure 4 shows the FTIR spectra of ESOs. All ESOs showed the C=O ester peak of the triglyceride at 1750 cm -1 . A unique peak at 1725 cm -1 was found only in the CpLIP2-based ESO (ESO3.45-enz2). It belongs to the C=O ester peak of the carboxylic acid (COOH). The presence of epoxidized free fatty acid in the CpLIP2-based ESO was again proven by the FTIR result.
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Acrylation of ESO and the characteristics of AESO
The formation of an acrylate group was determined using 1 H-NMR. Figure 5 shows the 1 H-NMR spectra of AESOs. The new peaks after acrylation were the peaks at 5.8-6.7 ppm that were assigned to the 3 protons of the acrylate esters. The AESOs also had peaks at 5.3-5.6 ppm (-CH=CH-) and 3.0-3.2 ppm (epoxide proton) which indicated an incomplete acrylation reaction. The acrylate group in AESO was investigated by FTIR spectroscopy (not shown here). We observed a peak at 1400, 985, 810 cm -1 that was attributed to the CH=CH 2 (acrylate group) and the peak of the residual epoxy groups at 822, 845 cm -1 . The number of acrylate groups/molecule of AESO calculated from its 1 H-NMR spectrum [56] is shown in Table 5 . The number of acrylate groups of the AESO derived from the synthesized ESO was in the range of 0.42-1.70 while that from Vikoflex ® 7170 was highest (2.76). An incomplete acrylation reaction was also found in the commercialized AESO (Ebecryl ® 860) that have 3.50 acrylate groups/molecule (not shown here). Based on our knowledge, the complete acrylation reaction of ESO has not been reported. It should be noted that two samples, A1.54/E2.40 and A1.54/E2.40-enz1, were good representatives for comparisons between the chemical epoxidation and chemo-enzymatic epoxidation on the characteristics of the copolymer. They had the same number of epoxide groups and number of acrylate groups. The number of acrylate groups represents the degree of acrylation. Typically, the acrylation reaction has a first-order dependence on the epoxide concentration of oil, pure triglyceride and fatty acid methyl ester. It seemed that the effect of the number of epoxide groups (or DOE) on the number of acrylate groups appeared only in the AESOs derived from the chemical-based ESO, i.e., the number of acrylate groups decreased from 1.70 to 1.54 when the number of epoxide groups decreased from 3.50 to 2.40 (Table 5 ). In contrast, the acid value played an important role on the acrylation of the enzymebased ESOs for which the numbers of their acrylate groups did not change significantly although their numbers of epoxide groups were different. The CALB-based ESOs had 2 epoxide contents i.e., 3.30 (ESO3.30-enz1) and 2.40 (ESO2.40-enz1). After acrylation, the derived AESOs showed a similar number of acrylate groups, i.e., 1.55 (A1.55/ E3.30-enz1) and 1.54 (A1.54/E2.40-enz1). This behavior was more clearly observed in the CpLIP2-based AESOs. Their starting ESO had a significantly different epoxide content, i.e., 3.58 (ESO3.58-enz2) and 2.25 (ESO2.25-enz2), but the derived AESOs had a similar number of acrylate groups, i.e. [59, 60] . This indicated that the presence of epoxidized free fatty acid was very important for further modifications of ESO. The number of epoxide groups/molecule may not be a key factor for the synthesis of AESO by using the enzymatic ESO. The free fatty acid formed during the chemo-enzymatic epoxidation was able to be epoxidized and that was a reason for the high number of epoxide groups found in the ESO3.58-enz2. The occurrence of the carboxylic groups in the epoxidized free fatty acids did not favor the attraction of acrylic acid. Therefore, their number of acrylate groups was very low, i.e., 0.46.
Characteristics of the AESO-co-PMMA copolymer
The thermal stability of the AESO-co-PMMA copolymer was determined in terms of the thermal degradation temperature (T d ) at a selected weight loss such as 5, 10 and 50%. TGA thermograms of the copolymers are demonstrated in Figure 6 and their T d are listed in Table 6 . Sample designations of the copolymers followed the name of the AESO which included the number of acrylate groups and the number of epoxide groups. For example, Co-A2.76/E4.60 and Co-A1.55/E3.30-enz1 was synthesized from A2.76/E4.60 and A1.55/E3.30-enz1, respectively. PMMA had the lowest thermal stability because of its linear molecular structure. The network structure produced a much higher thermal stability of the copolymers, except for Co-A0.46/ E3.58-enz2 that showed a slightly higher thermal stability than PMMA due to its low crosslinking. Excluding Co-A0.46/E3.58-enz2, there was no significant difference in the thermal stability among these copolymers. The high acid value and the very low acrylate groups in the CpLIP2-based AESO did not promote copolymerization with MMA. Consequently, the Co-A0.46/E3.58-enz2 was very soft and weak, and it was unable to copolymerize with A0.42/E2.25-enz2. The glass transition temperature (T g ) of the copolymers was examined by DMTA and DSC. The tan ! as a function of the temperature of the copolymers is shown in Figure 7 . The temperature at the maximum tan ! was the ) transition temperature and equivalent to T g but a different value was obtained by the DSC due to the different testing conditions. The Co-A0.46/E3.58-enz2 was unable to form a continuous sheet for DMTA testing. All copolymers and PMMA showed a very broad peak and their T g is listed in Table 6 . The T g of PMMA was 94°C while the T g of the copolymers were in the range of -9 to 40°C. The copolymers showed a lower T g than PMMA although they were a thermosetting plastic. This is because the flexible and relatively short chains of the triglyceride in the copolymers Figure 6 . TGA thermograms of PMMA and AESO-co-PMMA copolymers Figure 7 . Tan'! as a function of the temperature of PMMA and AESO-co-PMMA copolymers contributed to the lower T g . The T g also depended on the number of acrylate groups. More acrylate groups caused more crosslinking and produced a higher T g . The single T g indicated that a random copolymer has been derived. The Co-A1.70/E3.50 and the Co-A1.54/E2.40 showed a sub-T g or ( transition temperature while the CALB-based copolymers showed a shoulder. These may be due to phase segregation of the un-crosslinked structure or some homopolymer of PMMA, so a further study is required. The T g of the copolymers obtained from DSC is listed in Table 6 . It agreed with the results from the DMTA. The degree of swelling in water and ethanol of the copolymers are tabulated in Table 7 . The copolymers provided good stability in water (1-4%) whereas a lower stability in ethanol (15-18%) was observed. This is because ethanol is less polar than water; therefore, ethanol could penetrate into the non-polar chains of the copolymers more than water. Generally speaking, there were only slight differences in the degree of swelling among those copolymers. Tetrahydrofuran (THF) is a good solvent of PMMA and AESO. To compare the crosslink density among these copolymers, the solubility in THF was investigated and reported as gel content ( Table 7) . The higher gel content indicated a higher density of crosslinks. The Co-A2.76/E4.60 had the highest gel content owing to it having the highest number of acrylate groups whereas the A0.46/E3.58-enz2 had the lowest gel content. The chemo-enzymatic epoxidation produced the lower gel content because of the formation of epoxidized free fatty acids that was attributed to a reduction in the molecules that could be crosslinked (epoxidized triglycerides). This effect was obvious in the A0.46/E3.58-enz2 with its starting ESO having a very high acid value and a high number of epoxide groups. On the other hand, the gel contents of the CALB-based copolymers were slightly lower than those of the chemical-based copolymers. Comparing the Co-A1.54/E2.40 with the Co-A1.54/E2.40-enz1, their physical properties were in the same range. Their T g was -26 and -24°C, and their ) transition temperature was -9 and -8°C, respectively. Furthermore, their degree of swelling was also similar. This behavior implied that the small acid value in the CALB-based ESO (! 3%) did not affect the copolymerization. However, the presence of the free fatty acid in the CALB-based ESO did influence the degree of acrylation and copolymerization. Finally, we proposed models of the molecular structure of the copolymers which depended on the epoxidation method as shown in Figure 8 . Figure 8a shows the molecular structure of the AESO-co-PMMA copolymer derived from the chemical epoxidation. By using chemo-enzymatic epoxidation, the molecular structure varied based on the epoxidized products. The epoxidized triglycerides provided the network structure as shown in Figure 8a . The epoxidized diglycerides with or without the free fatty acids would generate the network (Figure 8b) . The epoxidized free fatty acids may lead to the crosslinked or linear structure that depended on the number of acrylate groups per fatty acid chain (Figure 8c and 8d ).
Conclusions
The present work has provided a systematic study on the effect of the epoxidation process of soybean oil on the characteristics of the epoxidized soybean oil, acrylated epoxidized soybean oil, and acrylated epoxidized soybean oil-co-poly(methyl methacrylate) copolymer. Two different epoxidation processes were carried out: a chemical and chemo-enzymatic epoxidation. Novozyme ® 435, lipase B from Candida antarctica (CALB) and an enzyme lipase/acyltransferase CpLIP2 (Candida parapsilosis) were employed. The epoxidation process had a strong influence on the resulting product. The CpLIP2-based epoxidation also generated free fatty acids, monoglycerides and diglycerides due to the hydrolysis reaction and subsequently these became epoxidized products, as indicated by a very high acid value and the 1 H-NMR and FTIR spectra and TLC chromatograms. The dependence of the acrylation reaction on the epoxide content or degree of epoxidation was observed only in the chemical-based epoxidized soybean oil. The presence of the epoxi- dized free fatty acids in the enzymatic ESOs played a major role on the acrylation reaction. The higher the acid value in the ESO, the lower were the numbers of acrylate groups in the AESO obtained. The presence of carboxylic groups impeded the acrylation reaction. CpLIP2 was not suitable for synthesis of ESO under the present conditions. Although the small acid value in the CALB-based ESO did not affect the copolymers' properties, but it strongly affected the number of acrylate groups of the AESO. 
